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(57) ABSTRACT

Methods, apparatus and media for controlling a switching
circuit controlling an amount of power drawn from an energy
converter, to optimize the amount of power drawn from the
energy converter. An output voltage and an output current of
the energy converter are measured to produce signals repre-
senting converter output voltage and current. Converter
power 1s calculated from the product of the converter output
voltage and current. A perturb voltage 1s calculated as a
decreasing nonlinear function of the converter power. A new
reference voltage signal representing a desired converter out-
put voltage 1s produced in response to a previous reference
voltage signal and the perturb voltage. The reference voltage
signal 1s used by the switching circuit to adjust the power
drawn from the converter to achieve the desired converter
output voltage.
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PERTURB VOLTAGE AS A DECREASING
NON-LINEAR FUNCTION OF CONVERTER
POWER

BACKGROUND OF THE INVENTION

1. Field of Invention

This invention relates to energy conversion and more par-
ticularly to methods and apparatus for controlling power
drawn from an energy converter operable to convert energy
from a physical source 1nto electrical energy and more par-
ticularly to using a perturb voltage produced according to a
decreasing non-linear function of converter power to control
the power drawn from the energy converter.

2. Description of Related Art

Energy conversion devices such as photovoltaic arrays are
commonly used to provide power to electrical loads. Often,
these loads are direct current (DC) loads such as batteries, for
example. In order to efficiently utilize the energy conversion
device, maximum power should be provided from the energy
conversion device to the load. The maximum power available
to be provided to the load depends upon the conditions under
which the energy conversion device 1s operated and 1n the
case of a photovoltaic array, these conditions include the
amount of insolation and the temperature of the array, for
example. A maximum power point, or voltage at which maxi-
mum power may be extracted from the array, 1s a desirable
point at which to operate the array and conventional systems
seek to find this point. The maximum power point changes
however, due to changes 1n insolation and due to changes in
temperature of the array and thus control systems are
employed to constantly seek this point.

One way of seeking the maximum power point 1s to peri-
odically perturb and observe the power output of the array and
then adjust the power demanded from the array accordingly to
cause the voltage of the array to be as close as possible to the
maximum power point. Typically, such perturb and observe
methodologies involve perturbing the present power supplied
to the load by a fixed amount and then observing the effect on
power supplied by the array and the voltage measured at the
array. Perturbing typically involves temporarily increasing or
decreasing the power supplied to the load by a fixed amount,
for example. If, after increasing power demanded from the
array, the change in power 1s negative and voltage measured at
the array drops by a significant amount, too much power 1s
being extracted from the array and the power demand on the
array must be reduced, 1n which case the power drawn by the
array 1s usually reduced by a fixed amount. If the voltage does
not change by a significant amount when the power 1s per-
turbed, perhaps not enough power 1s being extracted from the
array and the present power drawn from the array must be
increased in which case the power demanded from the array 1s
usually increased by a fixed amount.

Changes 1n the maximum power available from the array
can be dramatic and instantaneous, from 200 watts to 2000
watts 1n a matter of seconds, for example. This situation may
occur due to a change 1n the amount of insolation, such as may
occur when a cloud moves or dissipates from a position
blocking sunlight shining on the array to a position 1n which
tull sunlight 1s recerved on the array. With fixed 4 watt power
increments, and a perturb and observe period of 50 millisec-
onds, the time to change the power drawn from the array from
200 watts to 2000 watts would be about 22 seconds. During
this period the full available power 1s not being drawn from
the array, resulting in inetficient operation. If the array 1s
operating at higher power levels, say at 1600 watts, and the
maximum power available changes to 2000 watts due to a
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change in the amount of insolation, the time required to
change the power drawn from the array from 1600 watts to
2000 watts would be only about 5 seconds. Therefore 1t can be
seen that when the array 1s operating at lower power levels,
the increased time needed to determine the maximum power
point with a fixed incremental value can result 1n netficient
operation of the array.

SUMMARY OF THE INVENTION

In accordance with one aspect of the mvention there 1s
provided a method for controlling a switching circuit control-
ling the amount of power drawn from an energy converter, to
optimize the amount of power drawn from the energy con-
verter. The method involves measuring an output voltage and
an output current of the energy converter to produce signals
representing converter output voltage and converter output
current. The method also involves calculating converter
power from the product of the converter output voltage and
the converter output current and calculating a perturb voltage
as a decreasing nonlinear function of the converter power. The
method further involves producing a new reference voltage
signal representing a desired converter output voltage, in
response to a previous reference voltage signal and the per-
turb voltage. The new reference voltage signal 1s used by the
switching circuit to adjust the power drawn from the con-
verter to achieve the desired converter output voltage.

The method may further involve sampling the output volt-
age and sampling the output current to produce sampled
voltage and sampled current values.

The method may further involve calculating converter
power sample values 1n response to corresponding sampled
voltage and sampled current values, accumulating a plurality
of successive power sample values for a period of time depen-
dent upon the power sample values, and determining an aver-
age power value 1n response to the plurality of successive
power sample values accumulated during the period of time.

The period of time may be inversely proportional to a
power represented by at least one of the power sample values.

The method may further involve classitying the power
sample values 1nto one of a plurality of power value ranges
and setting the period of time according to a current power
sample value range.

The nonlinear function of converter power may include a
piecewise linear function of converter power.

The nonlinear function of converter power may include a
hyperbolic function of converter power.

The hyperbolic function may be generally represented by:

Vstep=({a/(b+FPconverter/c))-d;

wherein
Vstep=perturb voltage;
Pconverter=Converter Power;
a=a variable between about 5 and about 9;
b=a variable between 0 and about 3;
c=a variable between about 1000 and about 2000; and
d=a variable between about 1 and about 3.

The method may further involve normalizing the perturb
voltage and clamping the perturb voltage within a range.

Producing the reference voltage signal may 1involve
increasing or decreasing a previously produced reference
voltage signal by an amount corresponding to the perturb
voltage.

The method may further involve preventing a pre-deter-
mined number of successive increases oOr successive
decreases 1n the previously produced reference voltage sig-
nal.
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Preventing the pre-determined number of successive
increases or successive decreases may mvolve storing a pre-
viously calculated converter power value, comparing the cal-
culated converter power value with the previously calculated
power value to determine whether the calculated converter
power value 1s 1increasing or decreasing, and counting suc-
cessive mcreases 1n the calculated converter power value to
produce a direction count value. Preventing the pre-deter-
mined number of successive increases may further mvolve
changing a sign of a direction variable when the direction
count value meets a criterion, producing a perturb voltage
addend as the product of the direction variable and the perturb
voltage, adding the perturb voltage addend to the previously
calculated reference voltage signal to produce a new refer-
ence voltage value, and producing the new reference voltage
signal 1n response to the new reference voltage value.

The method may further mvolve providing the reference
voltage signal to the switching circuit.

In another aspect of the invention there 1s provided an
apparatus for controlling an amount of power drawn from an
energy converter by an energy transier device having a
switching circuit from an energy converter, to optimize the
amount of power drawn from the energy converter. The appa-
ratus including a voltage sensor to measure the converter
output voltage, a current sensor to measure the converter
output current, and a processor, in communication with the
voltage sensor and the current sensor. The processor 1s oper-
ably configured to calculate converter power from the product
of the converter output voltage and the converter output cur-
rent, calculate a perturb voltage as a decreasing nonlinear
function of the converter power, and produce a new reference
voltage signal representing a desired converter output volt-
age, 1n response to a previous reference voltage signal and the
perturb voltage. The reference voltage signal 1s used by the
switching circuit to adjust the power drawn from the con-
verter to achieve the desired converter output voltage.

The processor may further be operably configured to
sample the converter output voltage and the converter output
current to produce respective sampled voltage and sampled
current values.

The processor may further be operably configured to cal-
culate converter power sample values 1n response to corre-
sponding sampled voltage and sampled current values, cause
a plurality of successive power sample values to be accumu-
lated for a period of time dependent upon the power sample
values, and determine an average power value 1n response to
the plurality of successive power sample values accumulated
during the period of time.

The period of time may be inversely proportional to a
power represented by at least one of the power sample values.

The processor may further be operably configured to clas-
s11y the power sample values 1nto one of a plurality of power
value ranges and to set the period of time according to a
current power sample value range.

The nonlinear function of converter power may include a
piecewise linear function of converter power.

The nonlinear function of converter power may include a

hyperbolic function of converter power.
The hyperbolic function may be generally represented by:

Vstep=((a/(b+Fconverter/c))-d;

wherein
Vstep=perturb voltage;
Pconverter=Converter Power;
a—a variable between about 5 and about 9;
b=a variable between 0 and about 3;
c=a variable between about 1000 and about 2000; and
d=a variable between about 1 and about 3.
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The processor may be operably configured to normalize
the perturb voltage and clamp the perturb voltage within a
range.

The processor may be operably configured to increase or
decrease a previously produced reference voltage signal by an
amount corresponding to the perturb voltage.

The processor may be operably configured to prevent a
pre-determined number of successive 1ncreases or successive
decreases 1n the previously produced reference voltage sig-
nal.

The processor may be operably configured to store a pre-
viously calculated converter power value, compare the calcu-
lated converter power value with the previously calculated
power value to determine whether the calculated converter
power value 1s increasing or decreasing, and count successive
increases in the calculated converter power value to produce
a direction count value. The process may further be operably
configured to change a sign of a direction variable when the
direction count value meets a criterion, produce a perturb
voltage addend as the product of the direction variable and the
perturb voltage, add the perturb voltage addend to the previ-
ously calculated reference voltage signal to produce a new
reference voltage value, and produce the new reference volt-
age signal 1n response to the new reference voltage value.

The apparatus further includes a signal coupler for cou-
pling the reference voltage signal to the switching circuat.

In accordance with another aspect of the invention there 1s
provided an apparatus for controlling the amount of power
drawn from an energy converter, to optimize the amount of
power drawn from the energy converter. The apparatus
includes provisions for measuring an output voltage and an
output current of the energy converter to produce signals
representing converter output voltage and converter output
current, provisions for calculating converter power ifrom the
product of the converter output voltage and the converter
output current, provisions for calculating a perturb voltage as
a decreasing nonlinear function of the converter power, and
provisions for producing a new reference voltage signal rep-
resenting a desired converter output voltage, 1n response to a
previous reference voltage signal and the perturb voltage, for
use by a switching circuit to adjust the power drawn from the
converter to achieve the desired converter output voltage.

The provisions for measuring the output voltage and mea-
suring the output current may include provisions for sampling
the output voltage and for sampling the output current to
produce sampled voltage and sampled current values.

The apparatus may further include provisions for calculat-
ing converter power sample values 1in response to correspond-
ing sampled voltage and sampled current values, provisions
for accumulating a plurality of successive power sample val-
ues for a period of time dependent upon the power sample
values, and provisions for determining an average power
value 1n response to the plurality of successive power sample
values accumulated during the period of time.

The period of time may be inversely proportional to a
power represented by said power sample values.

The apparatus may further include provisions for classify-
ing the power sample values 1nto one of a plurality of power
value ranges and setting the period of time according to a
current power sample value range.

The nonlinear function of converter power may include a
piecewise linear function of converter power.

The nonlinear function of converter power includes a
hyperbolic function of converter power.

The hyperbolic function may be generally represented by:

Vstep=((a/(b+Fconverter/c))-d;
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wherein
Vstep=perturb voltage;
Pconverter=Converter Power;
a=a variable between about 5 and about 9;
b=a variable between 0 and about 3;
c=a variable between about 1000 and about 2000; and
d=a variable between about 1 and about 3.

The apparatus may further include provisions for normal-
1zing the perturb voltage and clamping the perturb voltage
within a range.

The provisions for producing the reference voltage signal
may include increasing or decreasing a previously produced
reference voltage signal by an amount corresponding to the
perturb voltage.

The apparatus may further include provisions for prevent-
ing a pre-determined number of successive imcreases or suc-
cessive decreases 1n the previously produced reference volt-
age signal.

The provisions for preventing the pre-determined number
ol successive increases or successive decreases 1n the previ-
ously produced reference voltage signal may include provi-
sions for storing a previously calculated converter power
value, provisions for comparing the calculated converter
power value with the previously calculated power value to
determine whether the calculated converter power value 1s
increasing or decreasing, and provisions for counting succes-
stve 1creases 1n the calculated converter power value to pro-
duce a direction count value. The provisions for preventing
the pre-determined number of successive increases and
decreases may further include provisions for changing a sign
ol a direction variable when the direction count value meets a
criterion, provisions for producing a perturb voltage addend
as the product of the direction variable and the perturb volt-
age, provisions for adding the perturb voltage addend to the
previously calculated reference voltage signal to produce a
new reference voltage value, and provisions for producing the
reference voltage signal 1n response to the new reference
voltage value.

The apparatus may further include provisions for provid-
ing the reference voltage signal to the switching circuit.

In accordance with another aspect of the mvention there 1s
provided a computer readable medium encoded with codes
for directing a processor to produce a signal for controlling a
switching circuit controlling the amount of power drawn from
an energy converter, to optimize the amount of power drawn
from the energy converter. The codes include codes for direct-
ing the processor to receive signals representing converter
output voltage and converter output current, calculate a con-
verter power value from the product of the converter output
voltage and the converter output current, calculate a perturb
voltage as a decreasing nonlinear function of the converter
power, and produce a new reference voltage signal represent-
ing a desired converter output voltage, 1n response to a pre-
vious reference voltage signal and the perturb voltage, for use
by the switching circuit to adjust the power drawn from the
converter to achieve the desired converter output voltage.

The signals representing converter output voltage and con-
verter output current may be sampled output voltage and
sampled output current signals respectively.

The computer readable medium may further include codes
for directing the processor to calculate converter power
sample values 1n response to corresponding sampled voltage
and sampled current values, accumulate a plurality of succes-
stve power sample values for a period of time dependent upon
the power sample values, and determine an average power
value 1n response to the plurality of successive power sample
values accumulated during the period of time.
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The period of time may be inversely proportional to a
power represented by at least one of the power sample values.

The computer readable medium may further include codes
for directing the processor to classity the power sample val-
ues 1nto one of a plurality of power value ranges and setting
the period of time according to a current power sample value
range.

The nonlinear function of converter power may include a
piecewise linear function of converter power.

The nonlinear function of converter power may include a
hyperbolic function of converter power.

The hyperbolic function may be generally represented by:

Vstep=((a/(b+Pconverter/c))-d;

wherein
Vstep=perturb voltage;
Pconverter=Converter Power;
a=a variable between about 5 and about 9;
b=a variable between 0 and about 3:
c=a variable between about 1000 and about 2000; and
d=a variable between about 1 and about 3.

The computer readable medium may further include codes
for directing the processor to normalize the perturb voltage
and clamp the perturb voltage within a range.

The computer readable medium may further include codes
for directing the processor to increase or decrease a previ-
ously produced reference voltage signal by an amount corre-
sponding to the perturb voltage.

The computer readable medium may further include codes
for directing the processor to prevent a pre-determined num-
ber of successive increases or successive decreases in the
previously produced reference voltage signal

The computer readable medium may further include codes
for directing the processor to store a previously calculated
converter power value, compare the calculated converter
power value with the previously calculated power value to
determine whether the calculated converter power value 1s
increasing or decreasing, and count successive ncreases n
the calculated converter power value to produce a direction
count value. The computer readable medium may further
include codes for directing the processor to change a sign of
a direction variable when the direction count value meets a
criterion, produce a perturb voltage addend as the product of
the direction variable and the perturb voltage, add the perturb
voltage addend to the previously calculated reference voltage
signal to produce a new reference voltage value, and produce
the new reference voltage signal 1n response to the new ret-
erence voltage value.

The computer readable medium may further include codes
directing the processor to provide the reference voltage signal
to the switching circuit.

BRIEF DESCRIPTION OF THE DRAWINGS

In drawings which 1llustrate embodiments of the invention,

FIG. 1 1s a block diagram of an energy supply system
according to a first embodiment of the invention.

FIG. 2 1s a graph of power-voltage characteristics of a
photovoltaic cell array for various values of msolation S at a
temperature of 25 degrees Celcius.

FIG. 3 1s a block diagram of an energy transier device
according to an embodiment of the mnvention.

FIG. 4 1s a block diagram of a control circuit of the energy
transier device shown in FIG. 3.

FIG. SA 1s a first part of a flow chart of an array reference
voltage update routine according to an embodiment of the
ivention.
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FIG. 5B 1s a second part of the flow chart shown 1n FIG. SA.
FIG. 6 1s an example of a function according to which a

voltage step size value or a perturb step voltage can be calcu-
lated.

FI1G. 7 1s another example of a function according to which
a voltage step size value or a perturb step voltage can be
calculated.

DETAILED DESCRIPTION

Referring to FIG. 1 an energy supply system according to
a first embodiment of the invention 1s shown generally at 10.
The system includes an energy converter 12 and an energy
transfer device 14 which, together, cooperate to supply
energy to a load.

The energy converter 12 1s of a general class of energy
conversion devices that are able to supply electrical power 1n
response to a supply of physical energy. Such devices are able
to be operated under conditions where the supply voltage and
supply current produced by the device are optimized such that
for a given physical power input a maximum electrical power,
1.€. a maximum working power 1s produced. The supply cur-
rent and supply voltage conditions under which maximum
working power can be extracted from the energy conversion
device vary depending upon the physical power available and
operating conditions of the device.

For example, the energy converter 12 may include a pho-
tovoltaic array and the energy transier device 14 may include
a DC to DC converter for supplying electrical energy to a DC
load such as a power bus.

Where the energy converter 12 includes a photovoltaic
array, physical energy in the form of light energy 1s converted
by the photovoltaic array into electrical energy. The maxi-
mum working power that can be drawn from the photovoltaic
array depends upon the physical power available, 1.e. the
amount of light insolating the array and the temperature of the
array. For every insolation and temperature combination
there 1s a maximum power point at which the supply voltage
and supply current produced by the array are optimized to
cause maximum energy conversion eificiency, or in other
words to allow the most working power possible to be drawn
from the array. Changes 1n voltage at the array are efiected by
changes 1n the amount of current drawn from the array. In
general, the greater the current draw, the less the voltage.
Since the power drawn from the array may be calculated as
the product of the current and voltage at the array, the power
output of the array may be plotted relative to voltage as shown
in FIG. 2, for various levels of insolation. From FIG. 2 1t can
be seen that the power output of the photovoltaic array
increases to a point and then decreases with increasing array
voltage. The point at which the power is the greatest 1s the
maximum power point. The embodiment described herein
secks to find this maximum power point and regulate the
output voltage of the array to maintain it.

Referring to FIG. 3, an energy transfer device according to
one embodiment of the mnvention 1s shown generally at 14 and
includes a control circuit 18 and a DC to DC switching circuit
20. The DC to DC switching circuit 20 has an mput 22 for
receiving power from the energy converter 12 shown in FIG.
1.

The control circuit 18 has a voltage input 24 and a current
input 26 for receiving output voltage and output current sig-
nals representing output voltage and output current respec-
tively of the energy converter, as measured at the input 22 to
the DC to DC switching circuit 20. For 1llustrative purposes,
a voltage sensor 28 1s connected to the input 22 for producing
the output voltage signal recerved at the voltage input 24 and
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a current sensor 30 1s shown 1n series with the mput 22 for
developing the output current signal recerved at the current
input 26. The control circuit 18 also has an output 32 at which
a reference voltage signal 1s produced, the reference voltage
signal representing a desired converter output voltage.

The reference voltage signal 1s provided to the DC to DC
switching circuit 20 through a control input 34 on the DC to
DC switching circuit, for receiving the reference voltage sig-
nal. The DC to DC switching circuit 20 controls switching
transistors therein (not shown) to increase and decrease the
amount of current drawn at the mput 22 and provided to an
output terminal 35 of the DC to DC switching circuit, con-
nected to the load.

Effectively, the voltage sensor 28 and the current sensor 30
measure an output voltage and an output current of the energy
converter to produce signals representing converter output
voltage and converter output current respectively. The voltage
sensor 28 and the current sensor 30 measure the converter
output voltage and the converter output current by sampling
the converter output voltage and the converter output current
to produce sampled voltage and sampled current values
respectively. The control circuit 18 recerves the signals rep-
resenting the converter output voltage and the converter out-
put current and calculates a converter power from the product
of the converter output voltage and the converter output cur-
rent. The control circuit 18 then calculates a perturb voltage as
a decreasing non-linear function of the calculated converter
power and produces a reference voltage signal at the output
32, representing a desired converter output voltage 1n
response to a previously produced reference voltage signal
and the just calculated perturb voltage, for use by the switch-
ing circuit 20, to adjust the power drawn from the energy
converter to achieve the desired converter output voltage.

Referring to FIG. 4, the control circuit 18 1s shown 1n
greater detail. In this embodiment, the control circuit 18
includes a microprocessor 40, and an I/O device 42, param-
cter memory 44, variable memory 46, and program memory
48 all in communication with the microprocessor.

In this embodiment the I/O device 42 includes the voltage
and current inputs 24 and 26 respectively and includes the
output 32 for providing the reference voltage signal that 1s
provided to the DC to DC switching circuit (20). The input
signals representing the output voltage and the output current
of the energy converter received at the voltage and current
inputs 24 and 26 respectively may be voltage or current sig-
nals, for example, and 1n the case of voltage signals may be in
the range of 0 to 5 volts or 0 to 10 volts, for example, or 1n the
case of current signals 1n the range of 4 to 20 milliamps, for
example. In such case, the I'O device 42 may include circuitry
(not shown) to provide for scaling to provide voltage signals
compatible with a semiconductor device (not shown) of the
I/0O device operable to communicate with the microprocessor
40. Similarly, the output 32 may be operable to provide a
signal 1n the range o1 0 to 5 volts or 0 to 10 volts, for example,
or may be operable to provide a pulse width modulated signal
representing the reference voltage, for example.

The parameter memory 44 includes predefined memory
locations, also referred to as registers, for storing various
“fixed” parameters for use by the microprocessor 40. These
registers include an array power value register 50 associated
with a first threshold, an array power value register 52 asso-
ciated with a second threshold, a first perturb period value
register 54, a second perturb period value register 36, and a
third perturb period value register 38. The registers further
include a normalization register 60, a first clamp voltage
register 62, a second clamp voltage register 64, a runaway
register 66 and a delay register 68. The array power value
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registers 50 and 52 hold array power threshold values for use
in setting perturb periods dependent on the current power
calculated to be drawn from the array. The perturb period
value registers 54, 56 and 58 hold perturb period time values
representing respective time periods to allow a power pertur-
bation to exist. The normalization register 60 holds a normal-
1zed voltage reference value for normalizing a step voltage to
be used during a perturbation period. The clamp voltage
registers 62 and 64 hold voltage clamp values for maintaining,
the step voltage within predefined limits. The runaway regis-
ter 66 holds a number representing the number of times a
perturbation can occur 1n an increasing direction or a decreas-
ing direction before the direction of perturbation 1s changed.
The delay register 68 holds a delay value representing a time
to wait between successive calculations of new perturbations.

The variable memory 46 includes an array voltage register
70, an array current register 72, an array power register 74, a
perturb period register 75, a perturb period timer register 76,
an array power accumulator register 77, a last average array

power register 78, a average array power register 80, anumber
ol samples register 82, a voltage step size register 84, a nor-
malized step voltage register 86, a direction counter register
88, a direction register 90, and an array reference voltage
register 92. The array voltage and array current registers 70
and 72 hold measured array voltage and measured array cur-
rent, respectively, represented by the signals received at the
inputs 24 and 26 respectively of the I/O device 42. The array
power register 74 holds a value representing calculated array
power, calculated from the contents of the array voltage and
array current registers 70 and 72. The perturb period register
75 holds a value representing the current period between
perturbations and the perturb period timer register 76 holds a
value representing the time elapsed since a current perturb
period started. The array power accumulator register 77 holds
a value representing a sum of previously calculated array
power values for the purposes of calculating an average value
later. The last average array power register 78 holds a value
representing the last calculated average array power. The
average array power register 80 holds a value representing the
current calculated average array power. The number of
samples register 82 holds a value representing the number of
samples of voltage and current values recetved, for the pur-
pose of calculating the average array power. The voltage step
s1ize register 84 holds a value representing a voltage step
increase or decrease, or i other words, an amount by which
the reference voltage signal 1s perturbed 1n order to increase
or decrease power drawn from the energy converter (12). The
normalized step voltage register 86 holds a value representing,
the contents of the voltage step size register 84 normalized by
the contents of the normalization register 60 of the parameter
memory 44. The direction counter register 88 holds a value
representing a count of the number of times the voltage has
successively been perturbed 1n the same direction. The direc-
tion register 90 holds a value such as +1 or -1, representing,
the direction 1n which the reference voltage 1s tending, 1.c.
increasing or decreasing. The array reference voltage register
92 holds a value representing the reference voltage signal
representing a desired array output voltage.

The program memory 48 includes a computer readable
medium encoded with codes 49 for directing the micropro-
cessor 40 to execute an array voltage reference update routine
to update the reference voltage signal produced at the output
32 to maintain the power drawn from the energy convertor
(12) at the maximum power point.

Referring to FIGS. 4 and 5A, the array reference voltage
update routine 1s shown 1n detail at 49. The routine 49 begins
with a first block 102 that directs the microprocessor 40 to
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communicate with the I/O device 42 to sample the signals
received at the voltage and current inputs 24 and 26 and to
store these values 1n the array voltage and array current reg-
isters 70 and 72 respectively. Also, as part of this first block,
the microprocessor 40 1s directed to calculate an array power
value as the product of the contents of the array voltage and
array current registers 70 and 72 and to store the calculated
array power value 1n the array power register 74. Effectively,
a converter power sample value 1s calculated in response to
corresponding sampled voltage and sampled current values.

Next, blocks 104 and 106 direct the microprocessor 40 to
determine whether the current array power value stored 1n the
array power register 74 falls within one of three ranges, 1n this
embodiment. The first range 1s from O to the array power value
associated with the first threshold value stored 1n register 50,
the second range 1s between the array power value associated
with the first threshold value and the array power value asso-
ciated with the second threshold value stored in register 52,
and the third range 1s between the array power value associ-
ated with the second threshold value and the maximum power
rating of the DC to DC switching circuit (20). The first range
may be 0 to 500 w, the second range may be 500 w to 3500 w
and the third range may be 3500 w to infinity, for example.
Thus, the current array power value stored 1n the array power
register 74 1s classified into one of a plurality of power value
ranges. Essentially, when the array power value 1s 1n the first
range, block 108 directs the microprocessor 40 to set the
contents of the perturb period register 75 equal to the first
perturb period value stored in register 34. When the array
power 1s 1n the second range, block 110 directs the micropro-
cessor 40 to store the contents of the second perturb period
register 56 in the perturb period register 75 and when the array
power 1s 1n the third range, block 112 directs the micropro-
cessor 40 to store the contents of the third perturb period value
register 58 1n the perturb period register. Thus, the contents of
the perturb period register 75 are determined based on the
currently measured array power as provided by the contents
of the array power register 74. The contents of the first, second
and third perturb period registers may be 16 s, 8 s and 4 s for
example, such that a longer perturb period 1s associated with
a lower range of array power, a shorter perturb period 1is
associated with a mid range of array power and an even
shutter perturb period 1s associated with the highest range of
array power

Once the perturb period has been set as described above,
block 113 directs the microprocessor 40 to increment a per-
turb period timer. Block 114 then directs the microprocessor
40 to add the current array power value stored in the array
power register 74 to the array power accumulator register 77.

The array power accumulator register 77 accumulates a
plurality of successive power sample values during the per-
turb period stored 1n the perturb period register 75. Block 116
then directs the microprocessor 40 to determine whether or
not the contents of the perturb period timer register 76 are
equal to the contents of the perturb period register 75. I not,
the microprocessor 40 1s directed to block 118, shown 1n FIG.
5B, which directs the microprocessor to wait a period of time
corresponding to a value stored in the delay register 68. In this
embodiment, the delay value 1s 250 milliseconds. Block 120
then directs the microprocessor 40 to increment the contents
of the number of samples register 82 and the microprocessor
1s directed back to block 102 1 FIG. 5A to take another
measurement of the array voltage and array current as
described above. Thus, 1n effect, blocks 102 through 120
implement a sampling routine that directs the microprocessor
40 to sample the output voltage and the output current of the
energy converter (12) to produce sampled voltage and
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sampled current values and to use those values to produce
respective array power values and to accumulate the array
power values 1n the array power accumulator register 77.

Referring back to FIG. SA, 1t at block 116 the micropro-
cessor 40 determines it 1s time to perturb, 1.e. the contents of
the perturb period timer register 76 equal the contents of the
perturb period register 75, block 121 directs the microproces-
sor to clear the contents of the perturb period timer register 76.
Block 122 then directs the microprocessor 40 to copy the
contents of the average array power register 80 to the contents
of the last average array power register 78 and block 124
directs the microprocessor to calculate a new average array
power value by dividing the contents of the array power
accumulator register 77 by the contents of the number of
samples register 82 and to store the result 1n the average array
power register 80. Thus, an average power value 1s deter-
mined 1n response to a plurality of successive power sample
values accumulated during a period of time. The power
sample values are classified into one of a plurality of power
value ranges by blocks 106 and 108 and the period of time 1s
set according to a range in which the current power sample
value 1s categorized and the period of time 1s 1nversely pro-
portional to a power represented by at least one of the power
sample values.

Then, block 126 directs the microprocessor 40 to calculate
a voltage step size value or a perturb step voltage according to
a decreasing non-linear function of array power.

In one embodiment of the invention, the nonlinear function
of array power may be a decreasing piecewise linear function
of array power. In another embodiment of the invention, the
nonlinear function of array power may be a hyperbolic func-

tion of array power. For example, the following general func-
tion has been found to be suitable:

Vstep=((a/(b+Pconverter/c))-d,;

wherein
Vstep=perturb voltage;
Pconverter=Converter Power;
a=—a variable between about 5 and about 9:;
b=a variable between 0 and about 3;
c=a variable between about 1000 and about 2000; and
d=a variable between about 1 and about 3.
One particular function that has been found to work well
with the array power ranges and erterb periods described
above 1s as follows:

Vstep=(7/(14P 4y, 476/ 1600))=2

The calculated perturb step voltage value Vstep 1s stored in
the voltage step size register 84. Block 128 then directs the
microprocessor 40 to normalize the voltage step size by mul-
tiplying the contents of the voltage step size register 84 by the
contents of the normalization register 60. In this embodiment
the contents of the normalization register 60 cause the micro-
processor 40 to normalize the voltage step size to a value
based on a 100 volt nominal reference voltage representing a
maximum power point of the array.

Block 130 then directs the microprocessor 40 to clamp the
normalized step voltage to a value between first and second
clamp voltage limits specified by the contents of the clamp
voltage registers 62 and 64 respectively. In this embodiment,
the first clamp voltage 1s 0.2 volts and the second clamp
voltage 1s 7.0 volts. Effectively, the microprocessor 40 nor-
malizes the perturb voltage and clamps the perturb voltage
within a range, such that the perturb step voltage 1s limited to
a value between 0.2 volts and 7.0 volts.
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Block 132 then directs the microprocessor 40 to set the
contents of the array power accumulator register 77 to zero to
prepare 1t to accumulate new array power values.

Reterring to FIG. 5B, block 134 then directs the micropro-
cessor 40 to determine whether or not the average array power
value 1s less than or equal to the last calculated average array
power value to determine whether the trend 1n array power 1s
up or down. This 1s accomplished by comparing the contents
of the average array power register 80 with the contents of the
last average array power register 78.

If the average array power 1s less than or equal to the last
average array power, the trend 1n array power 1s downward
and the microprocessor 40 1s directed to block 140 which
directs the microprocessor to change the sign of the contents
of the direction register 90. The contents of the direction
register 90 are thus either “1” or “-17.

Block 142 causes the microprocessor 40 to set the contents
of the direction counter register 88 to zero and then block 150
directs the microprocessor 40 to change the contents of the
array reference voltage register 92 by calculating a new array
reference voltage value as the sum of the product of the
contents of the direction register 90 and the contents of the
normalized step voltage register 86 and the current contents
of the array reference voltage register 92.

If at block 34, the average array power 1s not less than or
equal to the last average array power, the microprocessor 40 1s
directed to block 136 which directs the microprocessor to set
the contents of the direction counter register 88 to 1ts current
contents plus one. Block 138 then directs the microprocessor
40 to determine whether the contents of the direction counter
register 88 meet a criterion such as whether or not the contents
are greater than or equal to some number, such as four, for
example as shown. The number represents the number of
times the voltage 1s permitted to be perturbed 1n an increasing
or decreasing direction, before the direction of the reference
voltage 1s reversed.

I at block 138, the contents of the direction register 90
meet the criterion, the processor 1s directed to block 140 to
change the direction value in the direction register 90. Block
142 then directs the microprocessor to set the contents of the
direction counter register 88 to zero and block 150 directs the
microprocessor 40 to change the contents of the array refer-
ence voltage register 92 by calculating a new array reference
voltage value as the sum of the product of the contents of the
direction register 90 and the contents of the normalized step
voltage register 86 and the current contents of the array ref-
erence voltage register 92.

Block 152 then directs the microprocessor 40 to commu-
nicate with the I/O device 42 to cause a reference voltage
signal representing the new contents of the array reference
voltage register 92 to be produced at the output 32. Thus, in
elfect, the reference voltage signal 1s produced by increasing
or decreasing a previously produced reference voltage signal
by an amount corresponding to the perturb voltage.

More particularly, the microprocessor 40 1s directed to
prevent a pre-determined number of successive increases or
successive decreases 1n the previously produced reference
voltage signal to avoid a “runaway” effect that could occur
during periods of steadily increasing insolation 1n a photo-
voltaic energy converter, for example.

Overall, 1n the embodiment described, a new reference
voltage 1s produced by storing a previously calculated con-
verter power value, comparing the calculated converter power
value with the previously calculated power value to determine
whether the calculated converter power value is increasing or
decreasing, counting successive increases in the calculated
converter power value and changing the direction of the
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power change in the event the power 1s increased an excessive
number of times, and adding a perturb voltage addend, which
1s calculated as the product of the direction variable and the
perturb voltage, to the previously calculated reference voltage
signal to produce a new reference voltage value, and then
producing a final output reference voltage signal 1in response
to the new reference voltage value.

Referring back to FIG. 3, when the reference voltage signal
1s changed, the DC to DC switching circuit 20 responds by
adjusting its switching cycle to draw power from the energy
converter (12) to cause the voltage measured at the input 22 to
the DC to DC switching circuit to be equal to the value
represented by the contents of the array reference voltage
register 92.

Finally, the microprocessor 40 1s directed to block 118
which causes 1t to wait a delay period determined by the
contents of the delay register 68, and then block 120 directs
the microprocessor to increment the contents of the number
of samples register 82 and then to return to block 102 to take
another sample of the array voltage and array current and to
proceed through the entire process again.

At a high level, 1n thus embodiment, the process ivolves
calculating an average power value based on measured volt-
age and measured current, calculating a perturb step voltage
Vstep as a decreasing non-linear function of the calculated
average power value and adjusting the current voltage refer-
ence signal by the perturb step voltage to increase or decrease
the amount of power demanded from the energy converter for
a period of time dependent upon a power range 1n which the
calculated instantaneous power lies. The use of the decreas-
ing non-linear function provides for relatively small changes
in the reference voltage signal when a relatively large amount
of power 1s being drawn from the energy converter and pro-
vides for relatively large changes in the reference voltage
signal when a relatively small amount of power 1s being
drawn from the energy converter. This allows the maximum
power point to be located quickly and efficiently.

While specific embodiments of the invention have been
described and illustrated, such embodiments should be con-
sidered 1llustrative of the invention only and not as limiting
the invention as construed 1n accordance with the accompa-
nying claims.

The embodiments of the invention 1n which an exclusive
property or privilege 1s claimed are defined as follows:

1. A method for controlling a switching circuit controlling
an amount of power drawn from an energy converter, the
method comprising:

measuring an output voltage and an output current of the

energy converter to produce signals representing con-
verter output voltage and converter output current;
calculating converter power from the product of said con-
verter output voltage and said converter output current;
calculating a perturb voltage as a decreasing nonlinear
function of said converter power; and

producing a new reference voltage signal representing a

desired converter output voltage, 1n response to a previ-
ous reference voltage signal and said perturb voltage, for
use by the switching circuit to adjust the power drawn
from the converter to achieve said desired converter
output voltage,

wherein said decreasing nonlinear function includes a
hyperbolic function of converter power, said hyperbolic
function being generally represented by: Vstep=((a/(b+
Pconverter/c))-d; wherein Vstep=perturb voltage;
Pconverter—Converter Power; a=a variable between
about S and about 9; b=a variable between 0 and about 3;
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c=a variable between about 1000 and about 2000; and
d=a variable between about 1 and about 3.

2. The method of claim 1 wherein measuring said output
voltage and measuring said output current comprises sam-
pling said output voltage and sampling said output current to
produce sampled voltage and sampled current values.

3. The method of claim 2 further comprising;:

calculating converter power sample values 1n response to

corresponding sampled voltage and sampled current
values:

accumulating a plurality of successive power sample val-

ues for a period of time dependent upon said power
sample values; and

determining an average power value 1n response to said

plurality of successive power sample values accumus-
lated during said period of time.

4. The method of claim 3 wherein said period of time 1s
inversely proportional to a power represented by at least one
of said power sample values.

5. The method of claim 3 further comprising classiiying
said power sample values mto one of a plurality of power
value ranges and setting said period of time according to a
current power sample value range.

6. The method of claim 1 further comprising normalizing
said perturb voltage and clamping said perturb voltage within
a range.

7. The method of claam 1 wherein producing said new
reference voltage signal comprises increasing or decreasing a
previously produced reference voltage signal by an amount
corresponding to said perturb voltage.

8. The method of claim 7 further comprising preventing a
pre-determined number of successive 1creases or successive
decreases 1n said previously produced reference voltage sig-
nal.

9. The method of claim 1 further comprising providing said
reference voltage signal to the switching circuit.

10. A method for controlling a switching circuit controlling
an amount of power drawn from an energy converter, the
method comprising:

measuring an output voltage and an output current of the

energy converter to produce signals representing con-
verter output voltage and converter output current;
calculating converter power from the product of said con-
verter output voltage and said converter output current;
calculating a perturb voltage as a decreasing nonlinear
function of said converter power;

producing a new relerence voltage signal representing a

desired converter output voltage, in response to a previ-
ous reference voltage signal and said perturb voltage, for
use by the switching circuit to adjust the power drawn
from the converter to achieve said desired converter
output voltage, said producing including increasing or
decreasing a previously produced reference voltage sig-
nal by an amount corresponding to said perturb voltage;
and

preventing a pre-determined number of successive

increases or successive decreases 1n said previously pro-

duced reference voltage signal, wherein preventing said

pre-determined number of successive 1creases or suc-

cessive decreases comprises:

storing a previously calculated converter power value;
comparing said calculated converter power value with
said previously calculated power value to determine
whether said calculated converter power value 1is
increasing or decreasing;

counting successive increases 1n said calculated con-
verter power value to produce a direction count value;
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changing a sign of a direction variable when said direc-
tion count value meets a criterion;

producing a perturb voltage addend as the product of
said direction variable and said perturb voltage;

adding said perturb voltage addend to said previously
calculated reference voltage signal to produce a new
reference voltage value; and

producing said new reference voltage signal 1n response
to said new reference voltage value.

11. The method of claim 10 wherein said nonlinear func-
tion of converter power ncludes a piecewise linear function
ol converter power.

12. The method of claim 10 wherein said nonlinear func-
tion of converter power includes a hyperbolic function of
converter power.

13. The method of claim 12 wherein said hyperbolic func-
tion 1s generally represented by: Vstep=((a/(b+Pconverter/
¢))—d; wherein Vstep=perturb voltage; Pconverter=Converter
Power; a=a variable between about 5 and about 9; b=a vari-
able between 0 and about 3; c=a variable between about 1000
and about 2000; and d=a variable between about 1 and about
3.

14. An apparatus for controlling an amount of power drawn
from an energy converter by an energy transier device having
a switching circuit, the apparatus comprising;

a voltage sensor configured to measure a converter output

voltage;
a current sensor configured to measure a converter output
current,
a processor, iIn communication with said voltage sensor and
said current sensor, said processor being operably con-
figured to:
calculate converter power from the product of said con-
verter output voltage and said converter output cur-
rent;

calculate a perturb voltage as a decreasing nonlinear
function of said converter power; and

produce a new reference voltage signal representing a
desired converter output voltage, 1n response to a pre-
vious reference voltage signal and said perturb volt-
age, for use by the switching circuit to adjust the
power drawn from the converter to achieve said
desired converter output voltage,

wherein said decreasing nonlinear function includes a
hyperbolic function of converter power, said hyperbolic
function being generally represented by: Vstep=((a/(b+
Pconverter/c))-d; wherein Vstep=perturb voltage;
Pconverter—Converter Power; a=a wvariable between
about S and about 9; b=a variable between 0 and about 3;
c=a variable between about 1000 and about 2000; and
d=a variable between about 1 and about 3.

15. The apparatus of claim 14 wherein said processor 1s
operably configured to sample said converter output voltage
and said converter output current to produce respective
sampled voltage and sampled current values.

16. The apparatus of claim 15 wherein said processor 1s
operably configured to:

calculate converter power sample values 1n response to
corresponding sampled voltage and sampled current
values:

cause a plurality of successive power sample values to be
accumulated for a period of time dependent upon said
power sample values; and

determine an average power value in response to said plu-
rality of successive power sample values accumulated
during said period of time.
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17. The apparatus of claim 16 wherein said period of time
1s mversely proportional to a power represented by at least
one of said power sample values.

18. The apparatus of claim 16 wherein said processor 1s
operably configured to classity said power sample values into
one of a plurality of power value ranges and set said period of
time according to a current power sample value range.

19. The apparatus of claim 14 wherein said processor 1s
operably configured to normalize said perturb voltage and
clamp said perturb voltage within a range.

20. The apparatus of claim 14 wherein said processor 1s
operably configured to increase or decrease a previously pro-
duced reference voltage signal by an amount corresponding
to said perturb voltage.

21. The apparatus of claim 20 wherein said processor 1s
operably configured to prevent a pre-determined number of
successive creases or successive decreases 1 said previ-
ously produced reference voltage signal.

22. The apparatus of claim 14 further including a signal
coupler for coupling said reference voltage signal to the
switching circuit.

23. An apparatus for controlling an amount of power drawn
from an energy converter by an energy transier device having
a switching circuit, the apparatus comprising:

a voltage sensor configured to measure a converter output

voltage;
a current sensor configured to measure a converter output
current,
a processor, in communication with said voltage sensor and
said current sensor, said processor being operably con-
figured to:
calculate converter power from the product of said con-
verter output voltage and said converter output cur-
rent;

calculate a perturb voltage as a decreasing nonlinear
function of said converter power;

produce a new reference voltage signal representing a
desired converter output voltage, 1n response to a pre-
vious relerence voltage signal and said perturb volt-
age, for use by the switching circuit to adjust the
power drawn from the converter to achieve said
desired converter output voltage;

increase or decrease a previously produced reference
voltage signal by an amount corresponding to said
perturb voltage; and

prevent a pre-determined number of successive
increases or successive decreases in said previously
produced reference voltage signal,
wherein said preventing includes said processor being
operably configured to:
store a previously calculated converter power value;
compare said calculated converter power value with said
previously calculated power value to determine
whether said calculated converter power value 1s
increasing or decreasing; count successive 1ncreases
in said calculated converter power value to produce a
direction count value;

change a sign of a direction variable when said direction
count value meets a criterion;

produce a perturb voltage addend as the product of said
direction variable and said perturb voltage;

add said perturb voltage addend to said previously cal-
culated reference voltage signal to produce a new
reference voltage value; and

produce said new reference voltage signal in response to
said new reference voltage value.
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24. The apparatus of claim 23 wherein said nonlinear func-
tion of converter power includes a piecewise linear function
ol converter power.

25. The apparatus of claim 23 wherein said nonlinear func-
tion of converter power includes a hyperbolic function of
converter power.

26. The apparatus of claim 25 wherein said hyperbolic
function 1s generally represented by: Vstep=((a/(b+Pcon-
verter/c))—d; wherein Vstep=perturb voltage;
Pconverter—=Converter Power; a=a variable between about 5
and about 9; b=a variable between 0 and about 3; c=a variable
between about 1000 and about 2000:; and d=a wvariable
between about 1 and about 3.

27. An apparatus for controlling the amount of power
drawn from an energy converter, the apparatus comprising:

means for measuring an output voltage and an output cur-

rent of the energy converter to produce signals repre-
senting converter output voltage and converter output
current,

means for calculating converter power from the product of

said converter output voltage and said converter output
current;

means for calculating a perturb voltage as a decreasing

nonlinear function of said converter power; and

means for producing a new reference voltage signal repre-

senting a desired converter output voltage, in response to
a previous reference voltage signal and said perturb volt-
age, for use by a switching circuit to adjust the power
drawn from the converter to achieve said desired con-
verter output voltage,

wherein said decreasing nonlinear function includes a

hyperbolic function of converter power, said hyperbolic
function being generally represented by: Vstep=((a/(b+
Pconverter/c))-d; wherein Vstep=perturb voltage;
Pconverter—Converter Power; a=a wvariable between
about S and about 9; b=a variable between 0 and about 3;
c=a variable between about 1000 and about 2000; and
d=a variable between about 1 and about 3.

28. The apparatus of claim 27 wherein means for measur-
ing said output voltage and measuring said output current
comprises sampling said output voltage and sampling said
output current to produce sampled voltage and sampled cur-
rent values.

29. The apparatus of claim 28 further comprising:

means for calculating converter power sample values 1n

response to corresponding sampled voltage and sampled
current values;

means for accumulating a plurality of successive power

sample values for a period of time dependent upon said
power sample values; and

means for determining an average power value in response

to said plurality of successive power sample values accu-
mulated during said period of time.

30. The apparatus of claim 29 wherein said period of time
1s 1nversely proportional to a power represented by at least
one of said power sample values.

31. The apparatus of claim 29 further comprising: means
tfor classifying said power sample values into one of a plural-
ity of power value ranges and setting said period of time
according to a current power sample value range.

32. The apparatus of claim 27 further comprising means for
normalizing said perturb voltage and clamping said perturb
voltage within a range.

33. The apparatus of claim 27 wherein means for produc-
ing said reference voltage signal comprises increasing or
decreasing a previously produced reference voltage signal by
an amount corresponding to said perturb voltage.
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34. The apparatus of claim 33 further comprising means for
preventing a pre-determined number of successive increases
or successive decreases 1n said previously produced reference
voltage signal.

35. The apparatus of claim 27 further comprising means for
providing said reference voltage signal to the switching cir-
cuit.

36. An apparatus for controlling the amount of power
drawn from an energy converter, the apparatus comprising:

means for measuring an output voltage and an output cur-

rent of the energy converter to produce signals repre-
senting converter output voltage and converter output

current;
means for calculating converter power from the product of

said converter output voltage and said converter output

current,

means for calculating a perturb voltage as a decreasing

nonlinear function of said converter power;

means for producing a new reference voltage signal repre-

senting a desired converter output voltage, 1n response to
a previous reference voltage signal and said perturb volt-
age, for use by a switching circuit to adjust the power
drawn from the converter to achieve said desired con-
verter output voltage, said means for producing said new
reference voltage signal increasing or decreasing a pre-
viously produced reference voltage signal by an amount
corresponding to said perturb voltage; and

means for preventing a pre-determined number of succes-

s1ve 1ncreases or successive decreases in said previously

produced reference voltage signal, wherein said means

for preventing said pre-determined number of succes-

s1ve Increases or successive decreases comprises:

means for storing a previously calculated converter
power value;

means for comparing said calculated converter power
value with said previously calculated power value to
determine whether said calculated converter power
value 1s increasing or decreasing;

means for counting successive increases in said calcu-
lated converter power value to produce a direction
count value; means for changing a sign of a direction
variable when said direction count value meets a cri-
terion;

means for producing a perturb voltage addend as the
product of said direction variable and said perturb
voltage; means for adding said perturb voltage
addend to said previously calculated reference volt-
age signal to produce a new reference voltage value;
and

means for producing said new reference voltage signal
in response to said new reference voltage value.

3’7. The apparatus of claim 36 wherein said nonlinear func-
tion of converter power includes a piecewise linear function
ol converter power.

38. The apparatus of claim 36 wherein said nonlinear func-
tion of converter power includes a hyperbolic function of
converter power.

39. The apparatus of claim 38 wherein said hyperbolic
function 1s generally represented by: Vstep=((a/(b+Pcon-
verter/c))—d; wherein Vstep=perturb voltage;
Pconverter=Converter Power; a=a variable between about 5
and about 9; b=a variable between 0 and about 3; c=a variable
between about 1000 and about 2000; and d=a wvariable
between about 1 and about 3.

40. A computer readable medium encoded with codes for
directing a processor to produce a signal for controlling a
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switching circuit controlling the amount of power drawn from
an energy converter, the codes comprising codes for directing
the processor to:

receive signals representing converter output voltage and

converter output current;

calculate a converter power value from the product of said

converter output voltage and said converter output cur-
rent;

calculate a perturb voltage as a decreasing nonlinear func-

tion of said converter power; and

produce a new relerence voltage signal representing a

desired converter output voltage, in response to a previ-
ous reference voltage signal and said perturb voltage, for
use by the switching circuit to adjust the power drawn
from the converter to achieve said desired converter
output voltage

wherein said decreasing nonlinear function includes a
hyperbolic function of converter power, said hyperbolic
function being generally represented by: Vstep=((a/(b+
Pconverter/c))-d; wherein Vstep=perturb voltage;
Pconverter=Converter Power; a=a variable between

about 5 and about 9; b=a variable between 0 and about 3;
c=a variable between about 1000 and about 2000; and
d=a variable between about 1 and about 3.

41. The computer readable medium of claim 40 wherein
the signals representing converter output voltage and con-
verter output current are sampled output voltage and sampled
output current signals respectively.

42. The computer readable medium of claim 41 further
comprising codes for directing the processor to:

calculate converter power sample values i response to

corresponding sampled voltage and sampled current
values;

accumulate a plurality of successive power sample values

for a period of time dependent upon said power sample
values:; and

determine an average power value in response to said plu-

rality of successive power sample values accumulated
during said period of time.

43. The computer readable medium of claim 42 wherein
said period of time 1s 1nversely proportional to a power rep-
resented by at least one of said power sample values.

44. The computer readable medium of claim 42 further
comprising codes for directing the processor to classity said
power sample values into one of a plurality of power value
ranges and setting said period of time according to a current
power sample value range.

45. The computer readable medium of claim 40 further
comprising codes for directing the processor to normalize
said perturb voltage and clamp said perturb voltage within a
range.

46. The computer readable medium of claim 40 further
comprising codes for directing the processor to increase or
decrease a previously produced reference voltage signal by an
amount corresponding to said perturb voltage.

47. The computer readable medium of claim 46 further
comprising codes for directing the processor to prevent a
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pre-determined number of successive Increases or successive
decreases 1n said previously produced reference voltage sig-
nal.

48. The computer readable medium of claim 40 further
comprising codes directing the processor to provide said ret-
erence voltage signal to the switching circuit.

49. A computer readable medium encoded with codes for
directing a processor to produce a signal for controlling a
switching circuit controlling the amount of power drawn from
an energy converter, the codes comprising codes for directing
the processor to:

recerve signals representing converter output voltage and

converter output current;

calculate a converter power value from the product of said

converter output voltage and said converter output cur-
rent;

calculate a perturb voltage as a decreasing nonlinear func-

tion of said converter power;

produce a new relerence voltage signal representing a

desired converter output voltage, in response to a previ-
ous reference voltage signal and said perturb voltage, for
use by the switching circuit to adjust the power drawn
from the converter to achieve said desired converter
output voltage;

increase or decrease a previously produced reference volt-

age signal by an amount corresponding to said perturb
voltage;

store a previously calculated converter power value;

compare said calculated converter power value with said

previously calculated power value to determine whether
said calculated converter power value 1s increasing or
decreasing;

count successive increases in calculated power value to

produce a direction count value;

change a sign of a direction variable when said direction

count value meets a criterion;

produce a perturb voltage addend as the product of said

direction variable and said perturb voltage;

add said perturb voltage addend to said previously calcu-

lated reference voltage signal to produce anew reference
voltage value; and

produce said new reference voltage signal 1n response to

said new reference voltage value.

50. The computer readable medium of claim 49 wherein
said nonlinear function of converter power includes a piece-
wise linear function of converter power.

51. The computer readable medium of claim 49 wherein
said nonlinear function of converter power 1includes a hyper-
bolic function of converter power.

52. The computer readable medium of claim 51 wherein
said hyperbolic function 1s generally represented by: Vstep=
((a/(b+Pconverter/c))-d; wherein Vstep=perturb voltage;
Pconverter=Converter Power; a=a variable between about 5
and about 9; b=a variable between 0 and about 3; c=a variable
between about 1000 and about 2000; and d=a wvarnable
between about 1 and about 3.
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